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ABSTRACT 
Existing electricity feedback systems provide home 
occupants with real-time consumption data to enable 
them to control their consumption. However, these 
systems provide abstract consumption data that is not 
related to the occupants surrounding. Although there 
are some attempts to enrich consumption data with 
some context information, the presented feedback is 
not enough to inform decisions of how to conserve 
electricity. Therefore, this paper provides a rich 
definition of electricity consumption context, which 
can be used to provide sensible feedback to users. The 
obtained context elements can be categorized into 
three context types: User Context, Appliances 
Context, and Environment Context. Finally, different 
implications for the application of a context-aware 
feedback system are presented showing how the 
obtained context definition could be used to provide 
understandable feedback. 
INTRODUCTION 
Greenhouse gas emissions caused by global energy 
use and supply will increase by 25-90% in 2030 
compared to year 2000 (Barker et al., 2007). This high 
amount of emissions is having environmental effects 
such as climate change, air pollution and a scarcity of 
energy resources (Neustaedter et al., 2013). In 
response to this dangerous climate change, the 
European Commission adopted the energy efficiency 
action plan which is enacted by improving energy end-
use efficiency (European Commission, 2011). In the 
same report, the European Commission stated that 
buildings account for nearly 40% of the total energy 
consumption in the EU, and recommended that 
consumers will have to play a major role in applying 
energy efficiency.  
Besides using energy efficient devices and enhancing 
building design, end-use energy efficiency can be 
applied through controlling energy consumption by 
consumers (Boshell & Veloza, 2008) thus contributing 
to the zero carbon buildings target. For this purpose, 
several Electricity Consumption Feedback (ECF) 
systems were proposed to make home occupants 
aware of their usage, which will assist them to take 
control actions. However, these systems either provide 
abstract consumption data which does not allow full 
understanding of consumption (Karjalainen, 2011), or 
relate consumption data with one or two context 
information (Costanza et al., 2012) which is not 
enough to inform users’ decisions of how to conserve 
electricity. In this paper, context is defined as the 
information that is relevant to characterize the 
surrounding situation, and is used to interpret 
consumption data. The context information is used by 
context-aware ECF systems to enable the consumer to 
relate his electricity usage with the surrounding 
(Castelli et al., 2014), and may provide the appropriate 
control recommendations. 
This paper attempts to provide a richer definition of 
electricity consumption context through a literature 
review survey that identifies the context factors that 
affect electricity consumption. These context factors 
are obtained from several domains of research 
studying domestic energy consumption for different 
purposes. The identified context factors are then used 
to specify the context information (which are the 
elements of the context definition) that is needed by a 
context-aware ECF system to provide understandable 
feedback and customized control recommendations, 
ultimately helping home occupants control their 
consumption in an effective way. 
RELATED WORK 
As energy consumption is untouchable and invisible 
(Fischer, 2008), households need tangible information 
about their consumption (Froehlich, 2009). This will 
enable users to be aware of their usage and take actions 
to control and ultimately reduce their consumption. 
For this purpose, several ECF systems have been 
proposed and studied quantitatively and qualitatively. 
Studies have shown that providing real-time feedback 
to users normally reduces 5-15% of the consumption 
(Darby, 2006) . For example, Yun (2009) investigated 
how a simple portable and stationary energy 
consumption display affects energy awareness and 
consumption, and resulted in an average of 11% 
reduction of consumption. In a similar approach, 
Hargreaves et al. (2010) qualitatively assessed the 
efficiency of commercial in-home display systems 
studying the motivation of earning display systems, 
way of usage, and behaviour change.  
However, research has recently found that these 
systems are not able to inform users’ decisions of how 
to control consumption. A major challenge has 
emerged about how to enable users to make informed 
decisions based on consumption feedback (Castelli et 
al., 2014). In his investigation into the best way to 
present electricity feedback to users, Karjalainen 
(2011) found that although people are motivated to 
conserve electricity, they are short of information that 
is needed to take the most appropriate action. 
Sterengers et al. (2011) also found that people are not 
able to understand the displayed data. Even when they 
understand it, they miss apply it by changing visible 
wasteful practices rather than changing resource 
intensive practices (Strengers, 2011). Similarly, users 
of a pilot feedback system, that was studied to know 
how people change their behaviour in response to 
electric consumption feedback, reported that they need 
more context to understand energy use and take 
actions (Erickson et al., 2013). Therefore, although 
currently presented feedback enables users to view 
their consumption, it is sometimes not understood and 
not enough to take control actions.  
Context and Energy Feedback 
In response to the lack of understandable information 
in ECF systems, a number of attempts have been 
proposed to provide more sensible feedback to users. 
Building their argument upon the conclusion that 
existing eco-feedback systems do not tie consumption 
information with occupants’ everyday routine and 
activities, Neustaedter et al. (2013) interviewed people 
to study how they understand their energy 
consumption and relate it to their everyday activities. 
Based on the results, the authors assessed and 
recommended the usage of calendars to make sense of 
consumption data. In this way, calendars can be used 
as memory triggers of what activities people have 
undertook and how these activities affect energy 
consumption, especially that it was remarkably hard 
for people to remember events at a particular period. 
However, not all activities that consume energy are 
included in personal and family calendars 
(Neustaedter et al., 2013), therefore, there is a need to 
investigate more what other activities and information 
are needed to get a full understanding of consumption.  
A similar conclusion was found in Costanza et al., 
(2012), who proposed and evaluated a system that 
allows home occupants to annotate and manipulate 
consumption data. The results showed that users 
labelled the consumption events with activities they 
were undertaking instead of just labelling it with the 
devices they were using. The annotation method has 
helped users make sense of their consumption, but 
still, consumption data could be supported with more 
context beside everyday activities because there are 
other factors that could affect consumption.  
Location data was also used to make consumption 
feedback meaningful. With the aim of providing 
simpler information display, Castelli et al., (2014) 
proposed and evaluated the usage of room context 
(user location and presence) to make sense of 
consumption data. Room context was found to be 
useful. It has also shown that context information is 
needed to interpret consumption data and make a 
connection between the abstract usage of electricity 
and the surrounding environment. 
In addition to room context, Bonino et al., (2012) 
disaggregated consumption data in a room level when 
attempting to evaluate goal setting and direct feedback 
interfaces. Room level disaggregation, which uses 
devices location context, allows users to identify the 
room that is mostly consuming energy and maybe 
discover the device or activity that is causing the room 
consumption.  
Context information has also been used to achieve 
automatic energy efficiency and power management. 
For example, users’ presence was used to control 
lighting consumption (Delaney et al., 2009). User 
location, devices usage, and face and voice detection 
were used for managing devices power consumption 
(Harris & Cahill, 2005, 2007).  
Although these works show how to leverage context 
to make sense of consumption data (or sometimes 
implement energy efficiency), they only consider 
specific aspects of context. Therefore, this paper 
investigates other context information that can be 
added to consumption data to produce sensible 
consumption feedback. 
CONTEXT OF ELECTRICITY 
CONSUMPTION 
There is a need for a more comprehensive definition 
of context in order to make sense of electricity 
consumption. The previous section has shown that 
current context-aware ECF systems employ a small 
number of the available consumption context; 
however, it is important to consider all relevant 
context information to ensure a complete specification 
of context and proper adaptivity of the system (Benou 
& Vassilakis, 2010). Moreover, in order to use context 
effectively, context-aware application developers will 
need to spend a significant amount of time studying 
the situation where the application will be used, to 
develop a good understanding and definition of 
context (Dey & Abowd, 2000). Therefore, and 
through a literature review, the context factors that 
affect electricity consumption are explored, which will 
be used to extract the context information/elements 
that needs to be collected by a context-aware 
electricity feedback system. 
The context factors collected in this paper comes from 
different kinds of studies including: 
 Social research that studies electricity 
consumption at home. 
 Human-computer interaction research that 
studies electricity feedback. 
 ECF systems research that attempts to relate 
some context data with consumption data. 
 Machine learning and scheduling algorithms 
that analyse consumption data. 
 Economic statistical research that studies 
economic factors which affect consumption 
at national level. 
Elements of the context definition 
From the literature explained above, ‘User Location’ 
(Castelli et al., 2014), ‘Appliances Location’ (Bonino 
et al., 2012), and ‘Everyday Activities’ (Costanza et 
al., 2012) can be considered as important context 
elements of the context definition for electricity 
consumption.  
Many other research works have also mentioned 
everyday activities as a significant factor, which 
shows that it is one of the most influential context 
elements in the context definition. This is because 
people consume energy to carry out their everyday 
activities like showering and laundry (Strengers, 
2011). Therefore, energy consumption is a by–product 
of doing different everyday activities (Froehlich, 
2009). Based on the fact that everyday activities are 
meaningful and useful for people, Wilson et al. (2015) 
developed a methodology to infer everyday activities 
of home occupants from electricity consumption data 
as a first step to provide understandable and 
meaningful feedback. Furthermore, Neustaedter et al., 
(2013) found that cooking, showering, working at 
home, watching television, and doing laundry are 
activities that people noticed to be affecting their 
consumption.  
Neustaedter et al. (2013) also described how peoples’ 
activities vary between the different seasons. Some 
activities might be performed more or less in hot or 
cold seasons, such as showering more in hot seasons. 
Even holiday periods may influence consumption as it 
affects the devices being used and activities being 
done. Furthermore, travelling is one of the seasonal 
activities that also affects consumption because it 
changes the occupants’ presence at home. These facts 
established in Neustaedter et al. (2013) enrich the 
context definition with ‘Seasonal Activities’ (besides 
everyday activities), ‘Existence of Occupants’, and 
‘Time of Year’ which can be used to determine the 
season and holiday period. Along these lines, Erickson 
et al. (2013) concluded that it was difficult for people 
to compare their current consumption with historical 
ones unless they were provided with occupancy data 
(because they have noticed that during travelling 
periods they consumed less electricity) and 
temperature data (to know whether savings were due 
to cooler weather or efficiency applications). This 
supports the inclusion of time of year, seasonal 
activities, and existence of occupants to the context 
definition, and adds environmental conditions as a 
further group of elements into the consumption 
context.  
In addition, Beckel et al. (2014) were able to infer the 
household employment status, number of occupants, 
and appliances stock from consumption data with high 
accuracy. This was concluded when they were 
developing a machine-learning algorithm that reveals 
the socio-economic and dwelling characteristics of the 
household from electricity consumption patterns. This 
conclusion shows that ‘Employment Status’, existence 
of occupants, and ‘Appliances Ownership’ may be 
used to understand electricity consumption. 
Employment status is an important piece of 
information since it is a major factor that affects 
occupants’ presence at home, and can also be used to 
anticipate users’ presence and provide devices 
scheduling plans (Bassamzadeh et al., 2014). 
Moreover, Yun (2009) observed that energy 
consumption has increased for some participants, 
although they were using electricity display systems, 
because they had a new born baby and a temporary 
roommate, which supports the need for information 
about the existence of occupants at home. 
Furthermore, environmental conditions are one of the 
critical factors that influence electricity consumption 
and can be divided into ‘Internal Temperature’, 
‘External Temperature’, ‘Weather Condition’, and 
‘Length of Day’. According to Neustaedter et al. 
(2013), nearly all participants noticed a variation in 
consumption due to changes in external temperature, 
weather, and amount of daylight. In addition to these 
environmental elements, the time factor is a crucial 
information, which includes ‘Time of Day’, and ‘Time 
of Week’ besides ‘time of year’ mentioned before. The 
time of day information enables users to compare their 
consumption among the hours of the day to figure out 
their daily pattern of use. As well as the time of week 
context which shows the variation between the days of 
the week and could be related to the employment 
status if the user has regular work shifts (for example 
working four days a week out of home and two days 
from home). 
Furthermore, changing ‘Electricity Price’ has an 
influence of users’ consumption. This conclusion was 
found in Cao et al. (2015) when developing a model 
of household energy consumption to get the socio-
economic factors that affect consumption. Electricity 
price information can be used to detect how the 
consumption is distributed over the different energy 
tariffs and put plans to schedule heavy consumption 
devices in low prices periods. 
Finally, ‘Appliances Usage’ is a useful piece of 
information as it can be used to detect heavy 
consumption devices and background usage. It can 
also be used to detect activities going on in the house 
and most importantly standby consumption which is 
one of the major energy waste sources (Corucci et al., 
2011). 
Table 1 summarizes the context elements found in this 
review with the corresponding references where each 
element was obtained. 
DISCUSSION 
Existing context-aware ECF systems take into account 
either user context (user location in Castelli et al. 
(2014) and user activities in Costanza et al. (2012)), or 
appliances context (appliances location in Bonino et 
al. (2012)). However, the presented review has shown 
that there are much more elements that can be used to 
provide more understanding of electricity 
consumption, such as users’ existence at home and 
environmental factors among others.  
The obtained context elements can be categorized into 
three groups: User Context, Appliances Context and 
Environment Context as shown in Figure 1. This 
categorization shows the entities that are involved in 
electricity consumption at the home, which are home 
occupants (whom are the users of the feedback 
system), electric devices present at home, and the 
surrounding environment. The consideration of these 
different entities in the context definition provides 
more sensibility to the abstract consumption data that 
is currently provided by existing feedback systems. 
This will enable the users of these systems to relate the 
consumption data with what is happening around 
them, thus providing more perception of consumption 
and informing users’ decisions of what actions to take 
to reduce electricity consumption.  
This context definition can be used in many ways 
depending on the service specification of the context-
aware feedback system. Unlike typical feedback 
systems that display abstract consumption data  
(Hargreaves et al., 2010), an effective ECF system 
needs to display consumption data relating it to the 
collected context information. This will enable home 
occupants to make connections between their 
consumption and the different factors that affect it. 
The consumption data can be disaggregated in 
different dimensions (for example, devices 
consumption, location consumption, activities 
consumption, consumption based on temperature and 
weather, etc.) and users can then drill up and down in 
the data to interpret it. In this approach, simple and 
straightforward interfaces need to be created to make 
sure that the presented information are not 
complicated and can be used by non-expert users.  
Alternatively, historical data can be automatically 
analysed by the ECF system, and instead of giving 
feedback on the amount of electricity the house is 
consuming, feedback can be given on how to avoid 
energy waste. By using the defined context 
Context 
Element 
Reference 1 Reference 2 Reference 3 Reference 4 Reference 5 
User Location Castelli et al. 
2014 
    
Everyday 
Activities 
Froehlich, 2009 
 
Strengers, 2011 Costanza et al., 
2012 
Neustaedter et 
al., 2013 
Wilson et al., 
2015 
Appliances 
Location 
Bonino et al., 
2012 
    
Internal 
Temperature 
Erickson et al., 
2013  
    
External 
Temperature 
Erickson et al., 
2013 
Neustaedter et 
al., 2013 
   
Time of Year 
(season and 
holiday period)  
Erickson et al., 
2013 
Neustaedter et 
al., 2013 
   
Seasonal 
Activities 
Erickson et al., 
2013 
Neustaedter et 
al., 2013 
   
Existence of 
Occupants 
Erickson et al., 
2013 
Neustaedter et 
al., 2013 
Bassamzadeha 
et al., 2014 
Beckel et al., 
2014 
Yun, 2009 
Weather 
Condition 
Neustaedter et 
al., 2013 
    
Length of Day Neustaedter et 
al., 2013 
    
Appliances 
Usage 
Corucci et al, 
2011 
     
Employment 
Status 
Bassamzadeha 
et al., 2014 
Beckel et al., 
2014 
   
Electricity 
Price 
Coa et al. 2015     
Appliances 
Ownership 
Beckel et al., 
2014 
    
Table 1 Context elements with their references 
 
information, the system can specify if electricity is 
used when it is not needed, or suggest how to optimize 
the scheduling of appliances based on the situation of 
the house. For example, the feedback might be as 
follows: “The television was left on standby mode in 
the children’s room between 9pm and 7am while the 
kids were sleeping. You may save £1 a month if you 
turn it off before they sleep”, or “The washing machine 
was turned ON from 8am to 9am yesterday while there 
was 5 occupants at home and the electricity price was 
high! You may turn ON the machine between 12pm 
and 2pm when everybody is out of home and the 
electricity price is low. This will save you £3 a month”. 
Compared to the abstract feedback provided by 
existing ECF systems, these forward control 
recommendations are more meaningful and actionable 
for home occupants. Therefore, it is obvious that these 
customized services that needs to be provided by an 
ECF system are not be possible without collecting 
information about the listed context elements.  
Another entity that also affects electricity 
consumption is the house infrastructure (in case the 
house was heated by electricity instead of natural gas). 
This context entity can be studied to provide 
permanent retrofit solutions. Although the house 
infrastructure plays a major role in home energy 
consumption, this factor was not considered in this 
paper. This is because the purpose of an ECF system 
is to provide real-time feedback to users and change 
their behaviour of consumption, and since electricity 
consumption changes continuously, the context 
information needed to understand it and act on it in 
real-time are dynamic context information which are 
causing these changes. House infrastructure context is 
considered as an important but static factor that can be 
used to provide permanent energy efficiency advices. 
CONCLUSION AND FUTURE WORK 
This paper has defined the context that can be used to 
make sense of electricity consumption at home. The 
resulting context elements were categorized into three 
context types: User Context, Appliances Context, and 
Environment Context. It is not assumed that this list 
and categorization of context is comprehensive, but 
provides a rich list of the context that is useful for 
making energy-related control action. The obtained 
context definition will provide rich and 
understandable electricity feedback to users thus 
enabling them to control their consumption, which 
will surely contribute to the world’s goal of cutting 
carbon emissions and reserving energy resources. 
The obtained list can be extended through a scenario 
analysis method based on the specification of the 
services to be provided by the feedback system. In the 
scenario analysis method, different scenarios of the 
system usage are generated and the information 
requirements for each scenario are identified (Benou 
& Vassilakis, 2010). Furthermore, context modelling 
methods can be used to ensure that the obtained 
definition is rich enough and guarantee the adaptivity 
of the system (Bauer, 2012; Bauer, 2014). After 
obtaining a satisfactory definition of context, the 
future work will be to implement a prototype of the 
system and test how understandable and useful is the 
feedback provided by the system. This also opens the 
door to propose and test different analysis methods to 
obtain the most appropriate interpretation of 
consumption and recommendations of actions. 
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